Abstract. The dissemination of traceability to the International Temperature Scale of 1990 (ITS-90) through comparison calibration of thermocouples, is playing an important role in metrology institutes, secondary laboratories and industrial measurements. The previous studies of the Pt/Pd thermocouples at NIS-Egypt, shows promise of achieving significant improvements uncertainty of temperature measurements up to 960
Introduction
Thermocouples prepared from pure elements do not suffer from oxidation and evaporation problems [1] [2] [3] than alloys thermocouples. They are more thermoelectrically homogeneous and their thermoelectric stability is not limited by changes in alloy composition caused by oxidation.
In order to establish the Egyptian calibration service system for high-temperature thermocouple thermometry, NIS has started calibration service of Pt/Pd thermocouples by fixed points up to the freezing points of copper and by comparison technique. As the primary standard of the Cu point, a new three zone furnace was used and its uncertainty in realizing the fixed point was evaluated. The emf changes of Pt/Pd thermocouples up to the Cu point have been studied.
In a previous works [1, [4] [5] [6] [7] thermal measurement lab, NIS-Egypt and other laboratories studied the stability and calibration uncertainty of Pt/Pd thermocouple following heat treatment up to 960
• C. In the present work, the stability characteristics and sources of uncertainty of Pt/Pd thermocouple calibration concerning the reference junction, the change of the thermocouple emf, and the thermocouple inhomogeneity up to the freezing point of copper have been taken into consideration, and the overall uncertainty is evaluated.
Preparation of the thermocouple
The Pt/Pd thermocouple has been assembled at NISEgypt using reference grade platinum of 99.999% purity Correspondence: yasserabdelfatah@yahoo.com and palladium of 99.997% purity wires of 0.5 mm diameter and 150 cm length supplied by Johnson Matthey, England.
The wires were annealed electrically in air for l0 h at about 1300
• C for palladium wire and 1100
• C for platinum after cleaning them with alcohol [8] then cooled to ambient temperature by switching off the current. We applied this rapid cooling to prevent oxidation of the Pd wire in the temperature range 500
• C up to 800 • C [7] . Twin bore alumina tube 600 mm length, 3.5 mm outer diameter and 0.8 mm bore, was used to insert the wires. Expansion coil constructed from 0.2 mm Platinum each wire wounded into a coil of four turns of 1 mm diameter each were connected at the measuring junction of the Pt and Pd thermoelements [8] . Closed end alumina tube was used as thermocouple protection cover during the annealing of the thermocouple [9] . A pair of insulated Cu wires was soldered to the other ends of the thermoelements to form the reference junction.
Measurements equipment and procedure
For calibration and evaluation of the Pt/Pd thermocouple in the temperature range from 420
• C to 1100 • C, the freezing points of Zn, Ag and Cu were used in this study.
For the freezing points measurements, sealed cells containing high purity (99.9999%) metals Zn, Ag or Cu were used. The immersion of the measuring junction of the thermocouple inside the cell was 18 cm below the surface of Zn, Ag or Cu at full immersion into the thermometer well during measurements.
Zn, Ag and Cu cells were supplied by NPL. The furnace used for Zn and Ag freezing point cells was made by carbolite-UK its maximum temperature 1000
• C and utilized double walled sealed sodium heat pipe, the temperature of the furnace was controlled by a controller unit at 1
• C below the freezing point has a set point resolution 0.1
• C and ±3 • C set point accuracy at Ag freezing point. The temperature stability of Zn and Ag freezing point furnaces was ±0.03
• C and ±0.3 • C respectively. The furnace used for Cu freezing point was threezone furnace made by ISOTECH -UK, its max temperature 1200
• C. It has separate temperature controller with 0.1
• C resolution and two addition controllers to adjust temperature gradient along the upper and lower heater.
The reference junction of the thermocouple was maintained at 0
• C in a dewar filled with distilled water and crushed ice (ice bath). The reference junction was inserted into closed end glass tube and was immersed 20 cm in the ice bath.
Digital Nanovoltmeter with internal resistance higher than 10
9 Ω was used to measure emf, its resolution corresponds to temperature resolution of 1 mK and 48 nV accuracy.
Calibrations of the thermocouple were also performed from 800 to 960
• C by comparison with a high temperature standard platinum resistance thermometer (HTSPRT) calibrated according to ITS-90 at fixed points. The alumina block in which the thermocouple and HTSPRT were compared is made of ultra pure alumina with 50 mm outer diameter and 55 cm length as shown in Figure 1 .
The thermocouple was placed very close to the centre of the resistance thermometer coil. To prevent heat losses by convection, the furnace tube was closed with an alumina cover with a central hole through which the insert was inserted inside the furnace. The temperature gradient along the furnace was about 0.05
• C over the length of 20 cm. Resistance measurements of the HTSPRT were made with a model F-18 AC Bridge manufactured by Automatic Systems Laboratories Inc.
Results and discussion
The aim of this work is to study the emf stability and repeatability as sources of uncertainty budget of Pt/Pd thermocouples, in the temperature range from 420
• C up to 1100
• C comparing the calibration with a reference function of emf versus temperature, as proposed by Burns et al. [8] .
At first the Pt/Pd thermocouple was thermally treated in air for 10 h at about 1300
• C for palladium wire and at 1100
• C for platinum wire, then it was calibrated at freezing points of Zn, Ag and Cu. Three freezing sets were carried out; each set consists of five freezing experiments.
Pt/Pd thermocouple was heated for different periods of 70, 100, 150, 200 h in three-zone furnace at 1100
• C to check the thermal stability. Table 1 shows the improvement of emf repeatability at Zn, Ag and Cu freezing points after being thermally treated at 1100
• C for a period of 70 h. The results also show that there is an increase in emf at the freezing points of Zn, Ag and Cu as a result of the 70 h heat treatment at about 1100
• C. This has been also found by Burns et al. [8] .
They mentioned that the source of drift in Pt/Pd thermocouple is intrinsic to the Pd wire. The thermocouple stability after second heating period was of the same order as the standard deviation of the third set of measurements, ±0.01 µV for Zn, ±0.01 µV for Ag and ±0.04 µV for Cu freezing points.
The results of the stability test for the thermocouple are illustrated in Figure 2 , in which the deviations with respect to the initial emf values at the freezing points of Zn, Ag and Cu are plotted as a function of heating time in hours. Figure 3 shows the effect of heat treatment on the repeatability of the thermocouple expressed as standard deviation in microvolt of each set of freezing experiments against time of thermal heating.
At Zn freezing point (419.527 • C), the repeatability has been improved from (0.1 µV) to (0.01 µV) after heat treatment for 200 h as given in Table 1 but at Ag freezing  point (961.78 • C), the repeatability has been improved from (0.07 µV) to (0.01 µV) also at the Cu freezing point (1084.62
• C), the repeatability has been improved from (0.05 µV) to (0.04 µV).
For calibration and interpolation between measured data we have used the standard reference function suggested by Burns et al. [8] .
In the following the coefficients values b i of the reference function for Pt/Pd thermocouples [8] , Calibrations were also performed from 420 • C to 960
• C by comparison with high temperature standard platinum resistance thermometers (HTSPRT) and type R thermocouple using variable temperature heat pipe furnace and three zoon furnace. The data are given in Table 2 .
Uncertainty components
Uncertainties of measurement shall be calculated in accordance with EA publication EA-4/02 "Expression of the Uncertainty of Measurement in Calibration" [10] . The uncertainty budget of Pt/Pd thermocouple at freezing points of Zinc, Silver and Copper incorporating the various contributory factors is shown in Table 3 .
The uncertainties for the items labeled repeatability are typically evaluated as type A uncertainties, using statistical methods. The other items are primarily evaluated using type B methods. The major contribution to the uncertainty is attributed by inhomogeneity of thermocouple it has been estimated from the immersion/withdrawal thermo-emf profile of thermocouples in fixed point cells, as described in detail before by the authors in other article [4] . The uncertainty due to purity of ingots was evaluated from the manufacturer's certificate stating that for 6/N purity, a repeatable plateau of 1.5 mK can be produced at freezing points [11] . The drift caused in the thermocouple is another component of uncertainty, which was estimated from the earlier fixed point measurements and included in the uncertainty budget. Other uncertainty sources, related electrical measuring system, are included in the total uncertainty budget as digital voltmeter and reference junction. Table 4 provides a list of the possible uncertainty components for the calibration of thermocouples at specified test temperatures by comparison technique.
The uncertainties for the items labeled repeatability are typically evaluated as type A uncertainties, using statistical methods. The other items are primarily evaluated using type B methods. The standard deviation is a type A measure of both bath stability and short-term repeatability of the measurement systems for the test and reference thermometer.
In Table 4 , repeatability of the complete calibration process may be evaluated by taking the standard deviation, at each test temperature, of a set of emf values measured on check-standard thermocouples. The calibration uncertainty of the reference thermometer can generally be obtained from the calibration certificate. For an SPRT, this uncertainty should also include the drift of the resistance-temperature relation with time and the uncertainty of measuring the resistance ratio which may be that are small relative to other uncertainties for thermocouple calibrations.
The calibration uncertainty of the digital voltmeter as thermocouple readout can generally be obtained from the calibration certificate. Also the uncertainty contribution from the inhomogeneity of the tested thermocouples can be evaluated by insertion/withdrawal test of the thermocouple at fixed point as shown before in Table 3 . Thermocouple drift at elevated temperatures is well documented and estimated from the earlier fixed point measurements and included in the uncertainty budget.
Some uncertainty sources, such as the bath nonuniformity and bath stability, are naturally expressed in units of temperature. Other terms, such as the extraneous emf, are conveniently expressed in units of voltage. The general conversion between an uncertainty in emf and the equivalent temperature uncertainty is given by u(E) = u(t)/Sn(t), where Sn(t) is the Seebeck coefficient of a thermocouple, at temperature t.
A detailed analysis of the different components of measurements uncertainty had been estimated as given in Tables 3, and 4.
Conclusions
The Pt/Pd thermocouple inhomogeneity was the most dominant component of uncertainty in this work. After good heat treatment of the thermocouple the emf drift became very small typically 0.03
• C at 1100 • C. Accordingly a small number of calibration points should be necessary to calibrate a Pt/Pd thermocouple within a temperature range from 420
• C to 1100 • C. So, it is important to evaluate the deviation of the reference table (Δemf) versus temperature to determine other points to the calibration. It will modify also the degree of the fitting curve degree to calculate interpolated values.
The good stability and repeatability exhibited by Pt/Pd thermocouples when thermally treated at 1100
• C, suggest that such a thermocouple type can be recommended for use as transfer standards for the dissemination of temperatures and to approximate the ITS-90 at NIS.
